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Objectives: The aim of this study was to describe the velocity fields at distal vascular end-to-side anastomoses with 
different anastomosis angles in vivo. 
Materials and methods: The abdominal aorta of ten 90 kg pigs was exposed from the superior mesenteric artery to the 
trifurcation. A segment of the aorta was bypassed using a polyurethane graft. Three anastomosis angles: 90 ° (n = 3), 45 ° 
(n = 3) and 15 ° (n = 4) were studied. The bypass length, the anatomical position and the geometry of the anastomoses were 
standardised. During measurements, the proximal outflow segment was occluded and the flow rate was controlled by 
reversible iliac artery cross-clamping. Using a colour Doppler system the velocity fields were measured at various positions 
in the anastomosis. The colour Doppler velocity data were transferred to a computer for dynamic three-dimensional 
visualisation of the velocity profiles. 
Results: The angulation was reproduced within 10%. During the experiment, the flow rate was kept constant with 
Reynold's numbers typical for peripheral arteries. In the 90 ° anastomoses very disturbed flow fields were seen. The 45 ° 
anastomoses were characterised by: (1) low antegrade and retrograde velocities at the heel and (2) a zone of reverse and 
oscillating velocities at the toe and at one diameter downstream of the toe (1DDD) during deceleration. In the 15 ° 
anastomoses no flow disturbances were seen either at the toe or at 1DDD. The velocity profiles were close to parabolic at 
peak flow at both positions. 
Conclusions: It is concluded that the 15 ° anastomosis preferable from a haemodynamic point of view. 
Key Words: Anastomosis angle; Blood velocity; Colour Doppler ultrasound; Vascular anastomosis; Pigs. 
Introduction 
From in vitro fluid dynamic studies it is known that 
geometry plays a key role in determining local flow 
fields. In a long straight ube of sufficient inlet length 
a laminar Poiseuille type velocity profile will occur 1'2 
while the presence of side branches, 2'3 vessel curva- 
tures, 2'4-6 stenoses, 2'4'7-9 dilatations 2 and anastomo- 
ses 10-14 will induce blood flow disturbances and 
deviation of 'the velocity profiles from the Poiseuille 
distribution. 
Since cardiac and vascular surgeons obviously 
change the geometry of the cardiovascular system, at 
least locally, with establishment of bypasses and 
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anastomoses, the effects of the geometrical configura- 
tion on haemodynamics are of interest from a surgical 
point of view. According to in vitro fluid dynamic 
studies the flow fields vary with the angle of anasto- 
mosis, 1°'12-14 and different ypes and degrees of flow 
disturbances are present at different locations within 
the same anastomosisJ °-14 A recent study 15 has 
confirmed that these flow characteristics are also 
observed qualitatively in vivo. 
The location of neointimal hyperplasia t the toe, 
the heel and the floor of vascular end-to-side anasto- 
moses 16-19 coincides with zones of flow stagna- 
tion, 1~'14 flow reversal 1°-12'14 and low mean or oscillat- 
ing shear stresses ~°'11'13'2° observed in vitro. However, 
the hypothesis of a causal relationship between these 
blood flow disturbances and development of neointi- 
real hyperplasia t vascular anastomoses has yet to be 
proven. 
Despite the numerous in vitro studies that have been 
reported, the flow fields in vivo at vascular end-to-side 
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anastomoses have not, as yet, been described quantita- 
tively. As a first step towards an understanding of 
their characteristics and of the possible pathological 
influence of the local flow disturbances, a study of the 
flow fields and their variations with the anastomosis 
angle in controlled in vivo experiments was under- 
taken to provide the basis for the design of clinical 
studies. Therefore, the aim of this in vivo study was to 
describe the velocity fields at vascular end-to-side 
anastomoses in detail and to determine whether and 
how these velocity fields change as a function of the 
anastomosis angle. 
Material and Methods 
Model preparation 
Ten pigs (mixed Danish Landrace and Yorkshire) with 
a body weight of 90 kg were used. After the 
experiments the pigs were killed by injecting sat- 
urated potassium-chloride intravenously during con- 
tinued anaesthesia. The handling and care of the 
animals complied with Danish Law on animal 
experimentation. 
The model has previously been described in 
detail. 2~ Briefly, after premedication (azeperone (Seda- 
parone® vet), midazolam (Dormicum®) and metho- 
midat (Hypnodil® vet)) the animals were intubated 
and anaesthesia was maintained by Halothane®, 0.5%, 
and nitrous oxide, 55%, given through a volume 
regulated ventilator (Engstrom type ER 311, LKB 
Medical AB, Sweden). This was supplemented by 
continuous intravenous infusion of fentanyl (Hal- 
did®) and midazolam (Dormicum®). Arterial and 
central venous pressures were monitored, and a 
surface ECG was recorded. The animals were hep- 
arinised by an intravenous bolus injection of heparin 
(Leo®), 40000 IU, and the activated clotting time 
(ACT) was measured intermittently using a Haema- 
chrome-meter (Hemochron System, International 
Technidyne Corporation) and kept above 400 s. 
The abdominal aorta was dissected retroperito- 
neally from the superior mesenteric artery to the aortic 
trifurcation. All arterial branches were ligated, and the 
right kidney was perfused by a shunt from the 
abdominal aorta just proximal to the superior mesen- 
teric artery (Fig. 1). A polyurethane graft with an 
internal diameter of 8 mm (i.e. similar to that of the 
abdominal aorta) was anastomosed end-to-side to the 
aorta. The toe of the proximal anastomosis was 
positioned 3 cm distal to the origin of the superior 
mesenteric arter)~ and the toe of the distal anastomosis 
was located 13 cm further downstream. In four pigs 
the angle of the distal end-to-side anastomosis was 15 ° 
(proximal end-to-side anastomosis = 45°), in three 
pigs 45 ° (proximal end-to-side anastomosis =45 °) and 
in three pigs 90 ° (proximal end-to-side anastomo- 
sis = 90°). The anastomoses were standardized as 
shown in Fig. 2, and the anastomosis geometry was 
verified during each experiment by X-ray angiog- 
raphy and a postmortem cast as described in detail 
elsewhere. 21Using echo-Doppler the internal diame- 
ter of the abdominal aorta was determined one 
diameter downstream of the toe of the distal end-to- 
side anastomosis (1DDD) to verify that the size of the 
abdominal aorta did match that of the graft (internal 
diameter = 8 mm). During all measurements the 
proximal outflow segment was occluded one aortic 
diameter proximal to the heel of the distal anastomo- 
sis. A transit time (T208, Transonic Systems Inc. New 
York, U.S.A.) flow transducer was placed between the 
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Fig. 1. Schematic drawing of the porcine abdominal aorta (all 
branches between the superior mesenteric artery and the trifurca- 
tion were ligated). PA = the proximal and DA = the distal end-to- 
side anastomosis, SMA = superior mesenteric artery, POS = prox- 
imal outflow segment, DOS = distal outflow segment and 
M = transit ime flow probe for blood flow measurements. The graft 
blood flow was adjusted by reversible clamping of the iliac 
arteries. 
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proximal anastomosis and the superior mesenteric 
artery. The blood flow rate through the graft was 
controlled by partial cross clamping of the external 
iliac arteries (Fig. 1). Thus Reynold's number (Remean) 
was adjusted to values relevant for peripheral 
arteries. 
Colour Doppler measurements 
A colour Doppler ultrasound system (Vingrned CFM 
750, Horten, Norway) was used to measure blood flow 
velocities at the distal end-to-side anastomosis. A 7.5 
MHz ultrasound transducer (Doppler frequency = 6 
MHz) was fixed externally as close to the measuring 
site as possible to optimise the signal-to-noise ratio 
and to ensure that the measurements were made 
within the focused range of the Doppler beam. In 
order to further optimise the signal-to-noise ratio and 
to maximise ultrasound transmission warm saline was 
poured into the operational field. The following 
positions were scanned: (a) 1DDD, (b) the toe, and (c) 
the heel of the anastomosis. In the 15 ° anastomosis, the 
middle of the anastomosis was also scanned. At each 
position, the flow field was insonated with the sector 
in the left-right plane (cross-sectional plane) from two 
different transducer angles (60 ° and 120 ° ) in relation to 
the longitudinal axis of the abdominal aorta (Fig. 3). 
This was done in order to ensure that the inter- 
pretation of the flow direction (especially the flow in 
the reverse direction at the near wall) was correct. At 
the 90 ° anastomoses, only transducer angles of 120 ° 
were used. 
The colour Doppler velocity range settings were 
subsequently adjusted to a high low-velocity-reject 
(LV = a high-pass filter-function also known as wall- 
motion-canceller) (range: 0.10 - 0.20 m/s)  and a low 
LV (range: 0.03 - 0.08 m/s)  setting. The digitised data 
from every pixel in the colour Doppler image during 
one heart cycle were transferred from the memory of 
the ultrasound scanner to a Macintosh computer. 
During the measurements, a colour Doppler sector 
width of either 20 ° or 30 ° was chosen. The "packet 
size" (quality) was kept at a medium setting (medium 
packet size = 16 pulse trains for each velocity esti- 
mate22), and the colour gain was adjusted according to 
the procedure of Wittlich et al. 23 whereby the gain is 
initially increased to its maximum value and then 
reduced until the background noise disappears. 
The temporal resolution is determined by number 
of samples or frames during one heart cycle (number 
of frames = (frame ra te /hear t  rate) × 60). Since in 
the studies the LV was changed from a low to a high 
setting, the number of frames differed. The mean, 
standard deviation (+/--Is.D.) and the range for all 
measurements within each group are as follows: 
Frames90-degree anastomoses = 23 +/-12,  range = 10-54. 
FrameS4s-degree anastomoses = 23 +/ -8 ,  range = 7-42. 
Framesls-deg~ee anastomoses = 16 +/ -7 ,  range = 7-36. 
The reason for the lower number of frames in the 15 ° 
anastomoses was a lower LV-setting which was 
required to improve the sensitivity of detection of 
"flow disturbances" in the low velocity range. 
Since in each position (Fig. 3), two angles of 
insonation were performed (except for the 90 ° anasto- 
moses) first one with a high LV and then one with a 
low LV setting, a total of four colour Doppler, transit 
time, heart rate and blood pressure measurements of 
one cardiac cycle were performed in each position in 
each pig. Thus, the results presented are based on a 
total of 118 measurements, 18of which were in the 90 ° 
(n=3), 36 in the 45 ° (n = 3) and 64 in the 15 ° (n = 4) 
anastomosis. 
GEOMETRY AND ANGLE OF  ANASTOMOSES.  
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Fig. 2. Geometry and angle of the vascular anastomoses. The graft was cut from the toe via a half circle and extended tothe heel (solid line). 
The arteriotomy was made by a vascular puncher with a diameter qual to that of the genuine vessel, and extended tothe heel (solid line). 
In this way the anastomosis was made without dilatation i  the left to right plane. In the anterior-posterior plane the angulation was varied 
by varying the toe to heel ength (dotted line). 
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Similarity parameters 
To ensure that the pigs were stable and the velocity 
determinations were performed with comparable 
gross haemodynamics, the following similarity 
parameters were calculated: Remean = mean Reynold's 
number, Repack = Reynold's number at peak flow, 
Womersley's c~-parameter, Rmean -- an estimate of the 
peripheral resistance at the proximal anastomosis, 
BVmean = an estimate of the beat volume at the 
proximal anastomosis and R-R interval = length of the 
cardiac cycle. For formulas, see the List of symbols 
and formulas. 
Data analysis 
Using EchoDisp software (Vingmed Sound, Horten, 
Norway) the area of the digitised colour Doppler 
images containing velocity data from each heart cycle 
was selected manually, corrected for sector angle 
(either 20 ° or 30 °) and exported as a matrix (45 rows 
and 45 columns) to a data visualisation and analysis 
programme (Spyglass, Champagne, Illinois, U.S.A.). 
In this data analysis programme the velocity data 
were corrected for the angle of insonation in order to 
get an estimate of the axial velocity vector in the 
longitudinal direction of the abdominal aorta. Thereby 
quantitative two-dimensional velocity profiles of the 
blood flow fields during one heart cycle at each 
measurement position could be produced and visu- 
alised dynamically (Fig. 4). 
Since the region containing the velocity data was 
selected manuall)~ its size varied slightly. Conse- 
quentl)~ the area of a pixel would vary accordingly. 
However, although the pixel size is of the order 
1.0 x 10 -7 +/ -  9.6 x 10 -9 m 2 to 1.2 x 10 -7 
+/-9.1 × 10 -9 m 2, the true spatial resolution is worse 
because of the axial and lateral averaging that are 
Fig. 3. Terminology, measurement positions and measurement plane. (A) Two-dimensional image of a 45 ° distal end-to-side anastomosis. 
1DDD = 1 diameter downstream of the distal end-to-side anastomosis, DOS = distal outflow segment. (B) Blue lines indicate the 
measurement positions with a transducer angle of 60 °, and red lines indicate the measurement positions with a transducer angle of 120 °
in relation to the axial flow direction in the abdominal aorta. (C) measurement position at the toe, angle of insonation of 120 °. Perpendicular 
to this line, a colour Doppler image in the left-right plane (D). 
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performed in colour flow scanners. The real spatial 
resolution of this system (7.5 MHz transducer) 
depends on the beam width which is approximately 2 
mm as measured by a moving string test, 21 the 
number of scanlines which with the sector angle 
chosen were either 20 ° or 30 ° corresponding to 32 and 
64 scanlines, respectively, and the number of gates 
along each scanline (128 in this case). 
Quantitative information describing the shape of 
the velocity profiles was obtained by calculating the 
following variables: Vmax, m~ x (the instantaneous max- 
imum velocity of the velocity profile), Vmean,max (the 
maximum velocity of the spatial mean velocity esti- 
mates), Vmean,rnean (the spatial and temporal mean 
velocity of the velocity profile). A spatial distribution 
index, Vmax, max / Vrnax, mean, was calculated for each 
velocity profile. Generally this may be taken as a 
rough indication of the degree of non-uniformity of 
the profiles during peak flow, but should be inter- 
preted with the shape of the velocity profile in mind. 
For the sake of simplicity and since the velocity 
profiles from the different insonation angles and the 
two LV-settings in each position did not differ sig- 
nificantly, the quantitative measures are presented as a 
function of position. 
In order to characterise zones of reversed velocities 
at (1) the toe and at (2) 1DDD of the 45 ° and the 90 ° 
anastomoses and at (3) the middle of the 15 ° anasto- 
moses, four pixels in the centre of the different zones 
of reversed velocities were chosen and the spatial 
mean velocity (Vmean, re) was plotted as a function of 
time (Fig. 4). From these velocity curves, maximum 
(Vmean, rnax, re), mean (Vmean,mean, re), and minimum 
(Vmean, min,re) reversed velocities during the decelera- 
tion phase were calculated. As an estimate of the 
frequency of the velocity fluctuations (velocity "oscil- 
lation") during the deceleration phase, a zero-crossing 
index, ZCI, was calculated. The ZCI was calculated as 
number of zero-passes of the velocities per second 
within the recirculation zone during the deceleration 
phase. 
To evaluate whether the colour Doppler velocity- 
estimates were at least at a realistic level, flow rate was 
calculated from the colour Doppler measurements at 
the toe and 1DDD in the 15 ° anastomoses by multi- 
plying the spatial and temporal mean velocity data of 
' Sur face  P lo t  
/ \ 
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0.50 
0.00 
Fig. 4. Data analysis and data presentation. The colour Doppler images were exported to a visualisation and analysis programme, Spyglass. 
In Spyglass (the surface plot) dynamic presentation of two-dimensional spatial velocity profiles were made and quantitative data on the 
velocity profiles were calculated, i.e, V~nean (average velocities during the heart cycle) and Vmean,r e (average velocities of four pixels in the 
centre of the zone of reverse velocities during the heart cycle). 
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Table 1. Similarity parameters during measurements a  1DDD, in the middle (15 ° anastomosis only) and at the toe of the anastomosis. 
R BV R-R 
Angle Position Remean Repeak (~ (Ns/mSx 108 ) (m3x 10 "6 ) (s) 
90 ° 1DDD Mean 448 975 5.7 8.3 11.0 1.06 
1DDD S.D. 26 231 1.2 3.4 6.2 0,63 
Toe Mean 453 962 5.9 8.4 10.0 0.98 
Toe S.D. 146 326 2.0 3.2 5.3 0.56 
45 ° 1DDD Mean 450 946 6.3 7.9 8.2 0.77 
1DDD S.D. 42 173 0.9 1.5 0.9 0.12 
Toe Mean 433 892 6.2 8.2 8.0 0.78 
Toe S.D. 43 108 0.9 1.3 1.5 0.16 
15 ° 1DDD Mean 394 846 6.3 8.6 7.6 0.79 
1DDD S.D. 65 114 1.1 1.8 3.4 0.26 
Toe Mean 405 913 6.5 8.8 7.4 0.77 
Toe S.D. 86 339 1.2 2.0 2.9 0.26 
Middle Mean 417 944 6.2 8.5 8.0 0.80 
Middle 5.D. 59 178 1.0 1.6 2.8 0.25 
90 ° All Mean 442 935 5.7 8.3 11.0 1.04 
All S.D. 41 173 1.2 1.1 4.3 0.50 
45 ° All Mean 460 931 6.3 7.8 8.3 0.77 
All S.D. 49 154 0.8 1.6 1.4 0.14 
15 ° All Mean 407 906 6.3 8.7 7.7 0.78 
All S.D. 66 219 1.0 1.7 2.9 0.24 
The number of measurements (n) in the 90 °, 45 ° and 15 ° anastomoses were 6, 12 and 16, respectively. For measurements at the heel of the 
corresponding values of n were 18, 36 and 64 Re = mean Reynolds number, Re e~ = Reynolds number at peak flow, c~ = Womersley's • mean p aK  
parameter, Rmean = an estimate of the peripheral resistance at the proximal anastomosis, BVmean = an estimate of the beat volume at the 
proximal anastomosis and R-R interval = length of the cardiac ycle. For formulas, see the appendix. 
the veloci ty profi les by  the area of the anastomoses.  Compar i son  between the selected 22 f low rates 
Only  22 out of 32 measurements  w i thout  any aliasing, measured  by colour Dopp ler  at the toe and 1DDD in 
wi th  opt imal  qual i ty  sett ing ( low g iv ing  the best the 15 ° anastomoses and those recorded by the transit- 
veloci ty estimates), and an acceptable t ime reso lu t ion  t ime f lowmeter  is shown graphical ly  in Fig. 5. The 
were  inc luded.  These f low rates were compared  wi th  
the b lood f low rates measured  by  the transit t ime 
f low-meter  dur ing  the same heart  cycles, and the 
extent of agreement  between the two methods  was 
assessed by the method  descr ibed by  Bland and 
Altman.  24 This statistical method  is appropr iate  when 
compar ing  two methods  w i th  an unknown true 
value. 
Resu l ts  
Anatomy and gross haemodynamics 
The in tended 90 ° anastomoses were reproduced  wi th  
an angle of 83.5 ° + 3.5 ° (mean _+ lS.D.), the 45 ° 
anastomoses wi th  an angle of 44.5 ° + 3.9 °, and the 15 ° 
anastomoses wi th  an angle of 14.3 ° + 1.3 ° . No  
stenoses were observed at the toe and only a negli-  
gible di latat ion occurred at the midd le  of the anasto- 
moses, z° The relat ive internal  d iameter  of the abdomi -  
nal aorta at 1DDD was  found to be (mean _+ lS.D.): 90 ° 
anastomoses = 0.76 + 0.11, 45 ° anastomoses = 0.77 + 
0.08, 15 ° anastomoses = 0.80 + 0.07. The s imi lar i ty 
parameters  are summar ised  in Table 1. 
colour Dopp ler  mean f low-rate was 0.60 1 /min  and the 
transit-t ime mean f low-rate was  0.54 l / ra in ,  w i th  a 
mean difference of 0.06 1/min.  The l imits of agreement  
were -0 .06  1 /min  + 0.27 1 /min  (mean + 2S.D.). 
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Fig. 5. Difference between flow rates measured at the toe and 1DDD 
in the 15 ° anastomoses by colour Doppler and a transit time 
flowmeter plotted against he mean flow. 
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Velocity profiles 
A total  of 118 measurements  of two-d imens iona l  
veloc i ty  prof i les were per fo rmed.  Out of these 115 
were  inc luded (three were exc luded due to excessive 
al iasing) and  compr ise  the basis  for the fo l lowing 
qual i tat ive descr ipt ions.  In Table 2, Vmax,max, 
Vmean,rnax, Vrnean, mean" Vmax, rnax/ Vmean, max are summa-  
r ized for the measurements  at 1DDD and at the toe for 
the three anastomos is  angles.  
90 ° anastomosis 
At the heel  low fo rward  and  low reverse velocit ies 
were seen dur ing  decelerat ion,  often s imultaneously .  
In Fig. 6 (top row), an example  is shown from the toe 
of a 90 ° anastomosis .  Genera l l~  dur ing  f low accelera- 
t ion either b i lateral  max imum velocit ies or a flat 
veloc i ty  prof i le were  seen. Dur ing  peak  flow, ear ly  and  
late decelerat ion there were  b i latera l  max imum veloci-  
ties at the vessel  wal ls,  whi le  characterist ical ly,  there 
Table 2. Quantitative data from the velocity measurements at the 
toe and 1DDD in the 90 ° (n = 4 both at the toe and 1DDD),  45 ° (n = 
9 at the toe and 10 at 1DDD)  and 15 ° anastomoses (n = 9 at the toe 
and 10 at 1DDD).  
Vmax max Vm . . . .  Vm . . . . . . .  Vmax m,~x / Vmean ~< 
Angle Position m/s' m/s '  m/s '  " ' 
90 ° 1DDD Mean 1.08 0.50 0.31 2.1 
1DDD s.D. 0.14 0.09 0.08 0.1 
Toe Mean 0.91 0.23 0.15 3.3 
Toe S.D. 0.48 0.20 0.13 1.2 
45 ° 1DDD Mean 0.96 0.44 0.24 2.0 
1DDD S.D. 0.19 0.13 0.09 0.4 
Toe Mean 0.78 0.39 0.24 2.0 
Toe s.D. 0.14 0.10 0.06 0.4 
15 ° 1DDD Mean 0.78 0.43 0.26 1.8 
1DDD S.D. 0.18 0.12 0.07 0.2 
Toe Mean 0.64 0.35 0.23 1.8 
Toe S.D. 0.22 0.11 0.06 0.2 
Vmax max = instantaneous maximum velocity of the velocity proffie, 
Vrne~,rna x = maximum velocity of the spatial mean velocity estimates, 
Vrnean mean = spatial and temporal mean velocity estimates of the 
veloc{~y profile. Vmean max/Vmean mean = spatial velocity distribution 
index at peak flow, 1EJDD = one'diameter downstream of the distal 
end-to-side anastomosis. For description of symbols, see the 
appendix. 
Peak Flow 
D.50 0.50 0,50 
0,00 O.00 0.00 
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m! s rf l [~ m,s  
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0.00 O.OO 0.00 
Peak Flow Early Dec Late Dec 
Fig. 6. Velocity profiles at peak flow and during early and late deceleration phases. Top row: A 90 ° end-to-side anastomosis at the toe. 
Bottom row: A 45 ° end-to-side anastomosis at the same position. Note flow recirculation atthe near wall in both types of anastomosis. 
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was a plateau of low velocities in the centre of the 
anastomosis and towards the floor of the arter)~ In all 
pigs, a zone of reverse velocities were seen at the near 
wall (i.e., the wall of the abdominal  aorta to which the 
graft was sutured) during deceleration. Except from 
one pig, the size of this zone was less than 5% of the 
flow area. 15 
At (1DDD), the overall pattern was the same - -  i.e., 
bilateral max imum velocities with centrally located 
low velocities and a plateau towards the floor of the 
anastomosis, but recirculation at the near wall was not 
a characteristic finding. 
45 ° anastomosis 
As for the 90 ° anastomoses forward and reverse 
velocities were seen during deceleration. An example 
of the velocity profile for a 45 ° anastomosis shown 
in Fig. 6 (bottom row). Generally, during peak flow, 
the max imum velocities were seen in the centre (angle 
of insonation 60 °) or bilaterally (angle of insonation 
120 ° ) with min imum velocit ies/reverse velocities 
occurring towards the near wall. In early deceleration 
the max imum velocities were seen near the centre or 
laterally. In all pigs, min imum velocities were con- 
sistently located at the near wall. The reverse velocity 
zone in this area was found in all pigs at an insonation 
angle of 120 ° , and in two pigs out of three at an angle 
of insonation of 60 °. In late deceleration the recircula- 
tion zone was seen in all pigs with max imum 
velocities either laterally or towards the floor of the 
anastomosis. The zones of recirculation were seen to 
wax and wane, and the location changed during 
deceleration. 
The same overall pattern was seen at the 1DDD 
position. The recirculation zone at the near wall was a 
consistent finding regardless of angle of insonation 
during early and late deceleration. 
15 ° anastomosis  
The overall picture of the flow fields at the toe and at 
1DDD was that of an undisturbed flow field with the 
max imum velocities occurring in the centre and the 
lowest velocities towards the vessel walls during peak 
flow, early and late deceleration (Fig. 7, top row). No 
zones of recirculation were observed in these loca- 
tions. At the middle of the anastomosis (Fig. 7, bottom 
15 ~ 15 ~ 
T^~ -.. 
0 50 050 
000 o0o 
Peak Flow Early Dec Late Dec 
0,50 
0,00 
0,50 0 50 
000 000 
Early Dec Late Dec 
Fig. 7. Velocity profiles atpeak flow and during early and late deceleration phases. Top row: A 15 ° end-to-side anastomosis at the toe. No 
flow disturbances are seen. Bottom row: The same anastomosis t the middle. Note the recirculation at the floor and at the near wall of the 
anastomosis. 
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row), max imum velocities were typically located 
towards the graft (near wall). Recirculation was a 
consistent finding during deceleration at the floor of 
the anastomosis, and was often seen to extend or 
move along the left wall of the anastomosis towards 
the near wall during deceleration. At the heel either 
reverse velocities or low velocities in either antegrade 
or retrograde directions were seen. 
Velocity curves from "recirculation" zones 
Examples of the time velocity curves of "the recircula- 
tion zones" are shown as a function of position and 
anastomosis type in Fig. 8 for a 90 ° and a 45 ° 
anastomosis at1DDD and the max imum (Vmean,max, re) ,
mean (Vmean,mean,re), and min imum (Vmean, min,re) val- 
ues as well as the zero-crossing index are given in 
Table 3. 
At 1DDD in the 90 ° anastomoses the "recirculation 
zone" at the near wall varied with time along with the 
spatial mean velocity curve, Vrnean/with a Vmean, mean, re 
above zero. At the toe, however, reversed velocities 
90 °, DDD VMEAN 
0.40 
im o. o 
TIME 
were found in the recirculation zone in all Figs during 
early deceleration, but oscillation was not a prominent 
feature. At 1DDD in the 45 ° anastomoses, a high 
frequency oscillation about zero, starting in early 
deceleration, was a characteristic feature and was een 
in at least one angle of insonation in all pigs (Fig. 8, 
bottom row). The same features were observed at the 
toe. No characteristic oscillation was observed in the 
15 ° anastomoses at the middle position. The Vmean,r e
typically became negative during deceleration with 
only a slight oscillation being present. 
Discussion 
The rationale for the extensive surgical and measure- 
ment protocol has been discussed in detail else- 
where, ls'21 The intention was to keep all geometrical 
parameters other than the anastomosis angle constant. 
Consequently a new anastomosis technique with a 
punch opening was used to ensure: (1) standardisa- 
tion of the geometry at the toe whatever the anastomo- 
sis angle studied, (2) a smooth geometry at the toe 
Fig. 8. Mean velocity curves (V~an) averaged over the entire velocity field an  within the centre of the recireulation zone (V . . . . . .  ) in a 90 ° 
(top row) and in a 45 ° anastomosis at 1DDD. 
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Table 3. Quantitative data from the velocity measurements in the "recirculation zones". 
Vmean, . . . . .  Vmean, . . . . . . .  Vm . . . .  in,re ZCI 
Angle Position m/s  m/s  m/s  per s Comments  
90 ° 1DDD Mean 0.45 0.20 0.01 1.4 
1DDD S.D. 0.12 0.21 0.27 2.7 
Toe Mean 0.19 0.09 -0.21 4.7 
Toe S.D. 0.12 0.14 0.01 0.6 
45 ° 1DDD Mean 0.26 0.04 -0.16 11.2 
1DDD S.D. 0.11 0.13 0.20 7.7 
Toe Mean 0.24 0.02 -0.15 9.2 
Toe S.D. 0.16 0.09 0.16 8.2 
15 ° Middle Mean 0.20 0.00 -0.23 3.9 
Middle S.D. 0.23 0.14 0.14 1.4 
Vmean,r e vary like Vmean 
Vmean, r  e - little oscillation 
Vmean,r e - is oscillating 
Vmean,~ e -- is oscillating 
Vmean,r e - little oscillation 
In the 90 ° and 45 ° anastomoses n as in Table 2. At the middle position in the 15 ° anastomoses n = 16. Vmean max re = max imum velocity of the 
mean velocity estimates in the recirculation zone during deceleration, Vmean mean re = mean velocity estimates ~f the mean velocity estimates 
in the recirculation zone during deceleration, Vmean min re = min imum velo~ty oF the mean velocity estimates in the recirculation zone during 
deceleration, Vmean re = spatial and mean velocity 4'pix~ls in the centre of the recirculation zone, ZCI = zero-crossing index. For description of 
symbols, see the ap'l~endix. 
regardless of the anastomosis angle made, and (3) 
minimisation of dilatation of the anastomoses in the 
LR-plane thereby avoiding influences of these geomet- 
ric parameters on the flow fields studied. However, it 
is reasonable toexpect hat any flow disturbances that 
may be present upstream, in the graft, will influence 
the flow patterns at the distal anastomosis. These flow 
disturbances may originate from the proximal anasto- 
mosis or be produced by the curvature of the graft. 
Since these were different in the three anastomosis 
angles, it was important to include in our protocol a 
measurement position in the graft just upstream of the 
suture line to provide information on the structure of 
the inlet flow into the distal anastomosis. Apart from 
the angle, the configuration (shape and dimensions) of 
a particular anastomosis is determined by the physical 
and mechanical properties of the graft and the 
anastomosis technique used. Since the area of the 
anastomosis in the plane of the suture line is related to 
the angle of anastomosis it is not possible to determine 
the relative contribution of these two parameters on 
the flow field. Therefore it should be emphasised that 
for a proper comparison to be made between different 
studies the anastomosis configuration, bypass length 
and anastomosis technique should be defined. Fur- 
thermore, since measurements on the same anastomo- 
sis were repeated in several positions and with two 
different insonation angles every measure was taken 
to keep the gross haemodynamics constant. 
The parameters Rmear e BV and R-R interval did not 
vary appreciably during the measurements although 
there was a tendency for the S.D. to increase mainly in 
the 90 ° anastomoses because of the smaller sample 
size. However, the means of these estimates indicate 
that the peripheral resistance and the beat volume at 
the proximal anastomosis were comparable between 
the different groups. Furthermore, Remean (range 
between 297 and 576) and Womersley's a-parameter 
(range between 4.0 and 7.1) were successfully adjusted 
to clinically relevant values for peripheral arteries 
(mean Reynold's number between 110 and 910 and a 
Womersley's parameter between 1.9 and 7.225'26) even 
though each experiment was conducted over a period 
of approximately 10 to 11 h. 
The advantages of the colour Doppler ultrasound 
technique used in this study are (1) the entire velocity 
field under study is recorded within one heart beat, (2) 
the semi-invasiveness, since the flow field under study 
is not altered by the measuring equipment, (3) the real 
time presentation of colour coded images. The disad- 
vantages are (1) the angle dependence of the Doppler 
principle which is especially critical in a three- 
dimensional flow field, (2) limited time-resolution, (3) 
relatively low spatial resolution, and (4) accuracy of 
pointwelocity-estimates. To minimise the inherent 
angle ambiguity of the Doppler method, we designed 
the study so that the flow field at the anastomosis near 
wall was insonated from two different angles (except 
for the 90 ° anastomoses). Furthermore, the velocity 
estimates were compensated for the angle of insona- 
tion (cosq~) and for the sector angle (width of the 
sector). The time resolution was optimised by narrow- 
ing the sector angle as much as possible and the 
packet size (quality setting) was kept at 16 pulse- 
trains. A high frame rate is required to follow any 
rapid changes in the flow that may occur, since a low 
frame rate will induce an artificial skewness of the two 
dimensional velocity profiles due to the pulsatile flow. 
In order to improve the spatial resolution of the 
measurements the vessel diameter should be much 
greater than the Doppler sample volume. In this study 
the abdominal aorta of 90 kg pigs was chosen because 
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pigs of this size have a sufficiently large aortic 
diameter. 
The accurac)~ in measuring point velocity, of the 
colour Doppler system used in this study has been 
evaluated in vitro. 27 It was found that the cross- 
sectional flow velocity profiles in pulsatile flow were 
in good agreement with those obtained with a 10 MHz 
pulsed Doppler system used in conjunction with an 
intraluminal transducer for peak flow velocities rang- 
ing between 0.3 and 0.7 m/s. To validate whether our 
own colour Doppler measurements were realistic, we 
compared the flow rate measured by the transit-time 
flowmeter with the flow rate estimates derived from 
the spatial and temporal mean velocity, Vrnean, of 22 
selected measurements within the 15 ° anastomoses at 
the toe and at 1DDD multiplied by the area. At these 
measurement positions the velocity profiles were close 
to parabolic and therefore angle correction was appro- 
priate and comparison with the transit ime measure- 
ments meaningful. The flow rate measured by colour 
Doppler was 11.1% greater than that of the transit 
time. The transit ime flowmeter itself has previously 
been shown to be accurate both in vivo and in vitro 
with low variability in the measurements, zs Although, 
this validation is indirect, nevertheless it indicates that 
the velocity estimates are reliable. The use of a larger 
packet size may have improved the accuracy but this 
can only be achieved at the expense of time resolu- 
tion. 22 For studies requiring both high accuracy and 
good time resolution a method involving a delayed 
trigger with off-line reconstruction of the velocity 
estimates may be employed. 2zHowever, the conclu- 
sion is that the colour Doppler velocity estimates must 
be regarded as estimates of the actual (true) values. 
In interpreting the three-dimensional velocity fields, 
the assumption is made that a zone with reversed 
velocities which can be reproduced from two trans- 
ducer angles is confirmation of a flow separation zone 
or a vortex. To evaluate these separation zones the 
maximum (Vmean, max, re) , the mean (Vmean, rnean, re) , and 
the minimum (Vmean " rain, re) velocities of four pixels 
within the centre of each recirculation zone were 
calculated. These parameters are useful as it is 
possible to determine whether these zones are oscillat- 
ing or not. If Vmean,mean, re is about zero,  Vrnean, min,re is 
positive, and Vmean, rnin,re is negative these are indica- 
tions that the zone may be oscillating. The frequency 
of the oscillation can be determined from the ZCI. 
Oscillation within the separation zones, especially at 
the toe and at 1DDD were most evident in the 45 ° 
anastomoses (Table 2). The accuracy of the velocity 
estimates within these zones should, however, be 
treated with caution since only one velocity vector is 
measured with the colour Doppler system and a 
correct angle correction is impossible in a complex 
three-dimensional flow. 
90 ° anastomoses 
Interpretation f the velocity fields in this anastomosis 
is extremely difficult partly because (1) only one angle 
of insonation can be used, (2) the velocity field is very 
disturbed, and (3) to our knowledge no in vitro studies 
on 90 ° anastomoses have been performed and conse- 
quently no comparison to in vitro data can be made. In 
the graft the velocity profile is clearly skewed with the 
highest velocities occurring towards the outer graft 
wall. Due to the simultaneous velocities in both 
directions or low velocities at the heel a vortex or flow 
stagnation must be situated in this position. At the toe 
and at 1DDD, the plateau towards the floor of the 
anastomosis ndicates secondary flow motion. This 
combined with the bilateral maximum velocities 
indicates a highly disturbed flow field which is also 
90 ° 
PEAK FLOW 
HEEL TOE 1DDD 
45 ° 
HEEL TOE 1DDD 
15 ° 
HEEL MIDDLE TOE 1DDD 
Fig. 9. Summary ofthe interpretation of the flow fields in the three 
different angles of anastomosis in peak flow. 
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evidenced by a high spatial distribution index (far 
from the ideal), and a Vmean, mean different from the 
others anastomoses. These findings are summarised in 
Fig. 9. 
45 ° anastomoses 
At the toe and at 1DDD the characteristic findings 
were a more or less skewed velocity profile with a 
spatial distribution index close to 2, and a small zone 
of reversed velocities at the near wall during decelera- 
tion. These findings can be interpreted as a separation 
zone extending from the toe to 1DDD (Fig. 9). At the 
heel the low velocities or velocities in both directions 
simultaneously is interpreted as a weak vortex (Fig. 9). 
This has also been observed in studies performed in 
vitro. 1°-12"14"2° Investigations u ing either flow visual- 
ization techniques or wall-shear-stress measurements 
have reported the presence of a vortex or very low/ 
negative wall-shear-stresses at the heel l°q2'14'z° and a 
small vortex or negative wall-shear-stresses at or 
downstream of the toe. 1°'11'14'2° The oscillating nature 
of the vortex at the toe found in this study has not 
been reported before. Two mechanisms inducing 
oscillation seemed to be operating simultaneously: (1)
waxing and waning of the recirculating zone and (2) 
movement of the recirculating zone about the fixed 
position of the chosen pixels. This phenomenon could 
also be caused by movement of the vessel during data 
acquisition. However, because of the stable position of 
the vessel during measurements this was not con- 
sidered to be a significant source of error. 
15 ° anastomoses 
As also evidenced by in vitro studies performed by 
Crawshaw et al. 1° no flow disturbances could be 
detected at the toe and at 1DDD in vivo. Furthermore, 
the interpretation of a vortex at the middle of the 
anastomosis towards the floor, increasing in size 
towards the heel of the anastomosis, has also been 
reported by studies performed in vitro. ~2"13 The overall 
flow fields are summarised in Fig. 9. 
Conclusions 
Although, the colour Doppler velocities presented 
here are estimates of the actual (true) values, the 
relative magnitudes and distribution of blood flow 
velocities measured in the anastomoses are useful for 
assessing the effect of anastomosis angle and in 
relating the development of intimal hyperplasia with 
the local haemodynamics. The results presented here 
may be applicable to small diameter bypass grafts 
since the flow fields would be expected/are assumed 
to be similar if the bypass configuration is comparable 
and the similarity parameters are matched. Accepting 
this assumption the location of flow disturbances in
terms of zones with reversed or low flow found in this 
in vivo study at the toe in the 90 ° and 45 ° anastomoses, 
at the middle of the 15 ° anastomoses and at the heel in 
all anastomoses is in accordance with the hypothesis 
of an influence of low or negative wall-shear- 
stresses l°'na3"2° on development of neointimal 
hyperplasia in the same regions at vascular 
anastomoses. 16-~9 
For further in vivo evaluation of the effect of the 
anastomosis angle, quantitative methods employing 
for example high-frequency pulsed Doppler ultra- 
sound and MR-phase velocity encoding may be 
considered. These may then be followed by clinical 
studies relating the acute haemodynamics to the 
development of neointimal hyperplasia. 
In summar)~ we have demonstrated that the anasto- 
mosis angle both qualitatively and quantitatively 
affects the local flow fields in vivo. In the 90 ° 
anastomoses a very disturbed flow field was seen, 
while the 45 ° anastomoses were characterized by low 
velocities or velocities in both ante- and retrograde 
directions at the heel, and at the toe and at 1DDD by 
a zone of reverse velocities that appeared to oscillate 
during deceleration. In the 15 ° anastomoses no flow 
disturbances were seen at the toe and at 1DDD and the 
velocity profiles were close to parabolic with a 
Vmax, rnax/Vrnean,rnax = 1.8 at peak flow in both posi- 
tions. At the middle towards the heel reverse velocities 
were found during deceleration. Since the 15 ° anasto- 
mosis is associated with the least flow disturbances in 
the critical region at the toe, we conclude that this 
angle is preferable from a haemodynamic point of 
view when bypassing an occluded artery segment. 
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MAP 
f 
R-R 
Qmean 
Qpeak 
ri.t 
Remean 
Repeak 
Rrnean 
BVmean 
o~ 
Vmean 
Vrnax, rnax 
Vmean, max 
Vrnean, mean 
List of symbols and formulas 
= Mean Arterial Pressure = Pdiastolic + 
l/3"Psystolic, (N /m 2) 
-- heart rate, (per second) 
= 1 / f = the R-R interval = length of 
the cardiac cycle, (s) 
= mean flow rate, measured by a transit 
t ime flowmeter, (m 3 / s) 
= flow rate at peak flow, measured by a 
transit time flowmeter, (m3/s) 
= the internal radius of the graft, (m) 
= the kinematic viscosit~ (m2/s) 
= 2 Qmean / (~rint 13) = mean Reynold's 
number 
= 2 Qpeak / (~rint~) = Reynold's number  
at peak flow 
=MAP/Qmean=estimate of peripheral 
resistance at the proximal anastomosis, 
(Ns /m 5) 
= Qmean X R-R = estimate of mean beat 
volume at the proximal anastomosis, 
(m 3) 
= ri~t × ~ )  = Womersley's 
R-parameter 
= the spatial mean velocity of the veloc- 
ity profile as a function of time, (m/s) 
= the instantaneous maximum velocity 
of the velocity profile, (m/s) 
= the maximum velocity of the spatial 
mean velocity estimates, (m/s) 
= the spatial and temporal mean velocity 
of the velocity profile, (m/s) 
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Vmax, max / 
Vmean,max 
Vmean,re 
Vmean, max, re 
Vmean,mean, re 
--- spatial velocity distribution index at 
peak flow 
= the spatial mean velocity of 4 pixels in 
the centre of the recirculation zone plot- 
ted as a function of time, (m/s) 
= the maximum velocity of the mean 
velocity estimates in 4 pixels in the centre 
of the recirculation zone during decelera- 
tion, (m/s) 
= the mean velocity estimates of the 
mean velocity estimates in 4 pixels in the 
centre of the recirculation zone during 
deceleration, (m/s) 
V~ea~,mi~,~e 
ZCI 
= the minimum velocity of the mean 
velocity estimates in 4 pixels in the centre 
of the recirculation Zone during decelera- 
tion, (m/s) 
= Zero-Crossing Index. An estimate of 
the frequency of the velocity fluctuations 
(velocity "oscillation") during the decel- 
eration phase defined as number of zero- 
passes of the velocities within the recircu- 
lation zone during the deceleration 
phase, corrected for the frame rate, (per 
second) 
L 
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